Abstract: Reactive power modulation of wind power plants is an effective way to damp inter-area oscillation in wind power penetrated power systems. For doubly fed induction generator (DFIG) based wind farms, there are two different ways to achieve reactive power modulation: one is via reactive power feedback control, and the other method is via voltage feedback control. While both of the control schemes are feasible, their effectiveness may differ, and there has not been a systematic comparison between them. This paper investigates the differences between these two feedback schemes for inter-area oscillation damping control. The principles of utilizing DFIG for damping control is introduced at first. Then, analytical techniques including the frequency domain analysis, µ-analysis and time domain analysis are used to systematically study the performance of the two control schemes against inter-area oscillation. The robustness of the control schemes with respect to the variety of system operation points is also studied. The results from this paper can provide an insight into the understatement of DFIG reactive modulation against oscillation and guidance for controller design.
Introduction
In the past few years, wind power penetration has significantly increased. Among the various wind power generators, a doubly fed induction generator (DFIG) is the most widely used one in wind energy conversion systems [1] . As the penetration level of DFIGs increases, their impact on system stability has been recognized [2, 3] .
DFIG employs feedback converter that consists of a grid-side converter (GSC) and a rotor-side converter (RSC) to feed the adjustable field current into rotor winding. The control capability of GSC and RSC gives DFIG additional advantages in flexible control over the conventional induction generators as concluded in [4] . Various interaction control, such as, power factor control and frequency control, may provide different damping contribution [5] . Many control strategies adopted to grid-connected DFIG have been studied to improve the power system stability, especially, for the enhancement of system damping [6] [7] [8] . The damping controllers are multiform based on active power regulation, reactive power regulation or coordinated regulation method with active and reactive power regulation [5] . To damp power system oscillations, the power system stabilizer (PSS) installed on RSC was designed for DFIG in [6] . Since a large number of parameters are required in the control system of RSC and GSC, the robust control theory and intelligent algorithms have been applied to design damping controller and to tune parameters for DFIG for further improving the system dynamic performance [9] .
Utilizing reactive power control to damp oscillations has been identified as an effective way and was originally applied in a static synchronous compensator and static Var compensator [10] . For DFIG, the flexible control of a rotor side converter gives the capability of modulating active/reactive power easily. However, the active power of DFIG and the electromagnetic torque is directly related. The frequency of both torsional oscillation and active power modulation oscillation are quite low. It means that the modulation on active power for low-frequency oscillations damping control may interact with torsional oscillations. In contrast, reactive power is not directly related to the electromagnetic torque and will not cause the interacting problem. The differences between via active power control loop and reactive power control loop of DFIG for damping control has been investigated in [11] . It has been widely shown that reactive control is advantageous not only because of little torsional oscillation, but also the slight changing on active power output, which is according to the maximum power point tracking (MPPT) reference value for DFIG.
There are two possible feedback control loops to achieve reactive power modulation of DFIG: one is reactive power feedback control, and the other is voltage feedback control. The DFIG connected bus voltage is associated with the active power and reactive power level of the whole system. The output reactive power of DFIG is only related to the control reference value. While both of the control schemes are feasible, their effectiveness varies and there has not been a systematic comparison between them.
The main objective of this paper is to systematically and numerically investigate the differences between DFIG voltage and reactive feedback control schemes for inter-area oscillation damping. A two-area four-machine system with a DFIG-based wind generation integrated is used as the platform to demonstrate the analytical results of frequency domain and time domain simulations. The robustness of the control scheme is also evaluated with the µ-analysis. The value of this paper is that it provides a deeper insight into the understanding of reactive modulation of DFIG for oscillation damping and guiding the controller design for practical use.
This paper is organized as follows: Section 1 gives the introduction; Section 2 describes the modeling of a test system including the control system of the rotor side converter; Section 3 shows the comparison results and gives the detailed discussion; and Section 4 provides the conclusions.
Model Development
In this paper, a model of a two-area four-machine system integrated with a DFIG based wind farm is developed for specific analysis. The damping effect from the voltage-based feedback control loop and reactive power-based feedback control loop in DFIG are analyzed in the frequency domain and the time domain. The model in this paper takes the dynamic features of DFIG into account, which play an important role in the system dynamic analysis. Specifically, the model of DFIG includes aerodynamic, turbine shaft dynamic, induction generator dynamic, DC link dynamic and the dynamic behaviors of the back-to-back converters and the corresponding control system of RSC and GSC [12, 13] . The mathematical modeling of the DFIG dynamic behaviors is detailed in [14] . Based on the dynamic model of a two-area four-machine system with DFIG, a fix-phase oscillation damping controller is integrated into the DFIG model.
Two-Area Power System Model
The structure of the test system is shown in Figure 1 [15, 16] . Both Area I and Area II have two synchronous generators installed. All four of the synchronous generators are identical with rated power of 900 MW and equipped with turbine governors. A PSS on generator 1 is considered in this study. The DFIG based wind farm is connected to bus 1 in area I. The wind farm is represented by one aggregated DFIG. The parameters of DFIG, synchronous generators and control blocks of turbine governor can be found in Appendix A. For the studied system, the penetration rate of wind power is considered to be 10% under rated output [15] , and the size of wind farm is determined based on that. However, lower or higher penetration levels of wind power can also be considered without losing the generality of this study. The inter-area oscillation mode, with a frequency of 3.74 rad/s in the study system, is employed to study the damping effect of reactive power feedback control and voltage feedback control. Accordingly, the damping controller is developed for the inter-area oscillation mode.
Model of Doubly Fed Induction Generator
In this paper, a grid-connected DFIG is considered. The proposed control scheme for DFIG will help damp the inter-area oscillation while its dynamics are considered in detecting the lead leg phase in a control scheme. In particular, the model of DFIG consists of aerodynamic, turbine shaft dynamic, DFIG machine dynamic, RSC, GSC and control systems of the converters. In particular, the dynamic model of the DFIG includes the DC link capacitor dynamic and converter transients that are modeled in detail in this paper, while they are usually not considered in other studies [5, 11] . The topology of the DFIG-based wind energy conversion system is shown in Figure 2 . The detailed models of its components are briefly given below. In this paper, a two-mass model is assumed to represent the WT is applied. This model takes the torsional flexibility into consideration to study the WT mechanical dynamics. Since this paper aims to capture the torsional dynamic, the two mass model is sufficient to represent the interested dynamics, as given below:
Generator
For the DFIG, the stator supplies power to the grid directly and the rotor supplies power to the grid via a back-to-back electric converters, which is the key unit to achieve the control objective of rotor speed, active and reactive power generation. The commonly used synchronously rotating d-q reference frame is employed here to model the dynamic behavior of the DFIG. In this study, the voltage behind transient resistance and stator currents are selected as the state variables. Then, the differential equations of stator and rotor circuits of the induction generator in the d-q reference frame can be obtained as follows:
where
Dynamics of DC Link
The dynamic of the DC link with a capacitor installed between the RSC and GSC can be represented by the dynamic of the DC voltage stabilization capacity, which is a first-order dynamic model as given in (8) :
Dynamics of Converters
The voltage source converter is used for the GSC and RSC of DFIG. The dynamic models of the converter in the d-q reference frame are shown in Equations (9) and (10):
The dynamic model of RSC and GSC is similar. For RSC, the AC side means the rotor winding side. For GSC, the AC side means the grid side.
Controller of Doubly Fed Induction Generator Converters (1) Controller for Rotor Side Converter (RSC)
There are two ways to modulate the reactive power of DFIG. The first one is with reactive power feedback, as shown in Figure 3a . The second one is with voltage feedback, as shown in Figure 3b . The control scheme of RSC, which is considered in this study, is shown in Figure 3c . Four PI controllers that are distributed in two control loops. In the q-axis voltage of RSC, u qr , is employed to control the active power, while the d-axis voltage, u dr , is used to control the reactive power. The d-and q-axis control loops are used to keep the output active and reactive powers of DFIG, according to the reference value, respectively. The dynamic model of the RSC control system is given below:
As it can be seen in the above equations, the active power and reactive power of DFIG can be modulated by controlling v qr and v dr , respectively. 
(2) Controller for Grid-Side Converter
The control objective of GSC is to maintain the DC line voltage constant during the operation of DFIG.
The dynamic model of the controller of GSC is similar to RSC, given below:
where i gqre f = 0, and
Oscillation Damping Controls
For DFIG, the damping control signal can be added to the reactive power control loop or active power control loop [17] . For active power modulation based damping control, the active power is directly related to the electromagnetic torque, and it may cause the torsional oscillation [11] . By contrast, the reactive power is determined by the converter, which is not related to the electromagnetic torque, so it will not interact with torsional oscillation. Usually, reactive power modulation of DFIG can be achieved via reactive power feedback control or voltage feedback control schemes. While both of the control schemes are feasible, their effectiveness may differ, and there has not been a systematic comparison between them. This study investigates the difference between the two schemes for inter-area oscillation damping control and provides a deeper insight into the controller design. Figure 3a ,b describes the feedback control scheme and the related damping control loop of reactive and voltage control method, respectively.
The reactive power control and voltage control are achieved by using two PI control loops, as shown in Figure 3c , which are commonly used for DFIG reactive power modulation [9, 12, 18] .
In this paper, the fixed-phase damping control is employed to study the damping contribution of the two feedback schemes. The reason for selecting fixed-phase damping control is that it only needs the oscillation frequency and keeps the phase contrary to the input oscillation signal. Therefore, the damping contribution comparison in this paper can focus on the two different reactive power control schemes without the interference from damping controller parameters. For such damping control, the reactive power (or voltage) reference value of DFIG is changed to its maximum/minimum value in the same step with the changing rate of oscillation signals.
If the power oscillation in the inter-area transmission line is:
Then, the DFIG reactive modulation signal should be:
This requires the switching time of DFIG reactive power to be in the same step with the frequency of the power oscillation associated with the critical oscillation mode, so that the maximum damping level can be archived in order to damp the critical mode.
The principle of the fixed-phase controller is shown in Figure 4 . It requires the switching time of DFIG reactive power to be in the same step with the frequency of the power oscillation associated with the critical oscillation mode. The transmission power, which is suggested and verified to be one of the most effective control signal to the damping controller [19, 20] , is selected as the input signal for damping control in this paper. To investigate the differences between these two feedback control methods, the system should 161 operate at the same condition. For the normal operation condition, the output reactive power of DFIG 162 is set to 50% of the DFIG reactive power capacity. Thus, the rated reactive power for reactive power 
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In this section, the differences of damping contribution between reactive power feedback control The main parameters of the two different control loops are the PI parameters shown in Fig. 3(c) .
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The study in [25] show that the acceptable region of K p1 and K i1 are 0.01-5, 0.1-30, respectively, both in Table 1 and Table 2 .
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As shown in Table 1 and Table 2 , K p1 has very limited influence on the magnitude of oscillation To investigate the differences between these two feedback control methods, the system should operate at the same condition. For the normal operation condition, the output reactive power of DFIG is set to 50% of the DFIG reactive power capacity. Thus, the rated reactive power for reactive power feedback control loop is 50% of the DFIG reactive power capacity and the corresponding rated voltage for the voltage feedback control loop is 1.079 p.u. The modulated reactive power for damping control is ±10% of the DFIG rated reactive power capacity. Therefore, the modulation range is ±10% for reactive feedback control and ±0.023 p.u. for voltage feedback control.
Comparison Analysis
In this section, the differences of damping contribution between reactive power feedback control and voltage feedback control are systematically compared through frequency domain analysis, µ-analysis based robustness analysis and time-domain simulation. The frequency domain analysis can evaluate the damping contribution of the controller with respect to the oscillation frequency. The µ-analysis utilizes the structured singular value theory to assess the robustness to the system operation point and wind speed uncertainty.
Frequency Domain Analysis
The frequency domain analysis is based on the dynamic model of the system. For the transmission power between area I and area II, the open loop frequency response from the reactive power control and voltage control are compared in Figure 5 using the time-based linearization toolbox in Matlab (2012Ra) [21] . These bode plot diagrams show the different magnitudes in the situation of voltage feedback control loop and of reactive power feedback control loop. When the oscillation frequency is 3.72 rad/s, it can be seen that the reactive power feedback control loop has a larger magnitude than the voltage feedback control loop for damping control. The main parameters of the two different control loops are the PI parameters shown in Figure 3c . For the DFIG reactive power modulation, the PI control should keep the system maintaining stability. The study in [22] shows that the acceptable region of K p1 and K i1 are 0.01-5, 0.1-30, respectively, both for the control loop of reactive power feedback and voltage feedback. To investigate the impact of the two key parameters, the magnitude of the bode plot diagram with the oscillation frequency are listed in Tables 1 and 2 . As shown in Tables 1 and 2 , K p1 has very limited influence on the magnitude of oscillation frequency in bode diagram, no matter with the reactive power feedback loop or the voltage feedback loop. On the other hand, K i1 has a greater influence on the magnitude. However, when the value goes below 10, the magnitude changes obviously. When the value becomes larger, the influence is not so obvious. The data in these two tables also show that, with the same control parameters, the magnitude of reactive power feedback is higher than the one of voltage feedback, which means that reactive power feedback control shows a better damping. In the subsequent study (including the results in Figure 5 ), the value of K p1 and K i1 are selected as 0.5 and 10, respectively. 
Robustness Analysis Based on µ-Analysis
Generally, the controller for power system is designed based on a selected operating point. However, the system operates over a wide range of operating conditions in practice. Thus, the robustness of controller should be evaluated. Recently, many robust control algorithms have been applied to power system controller design, in which the structured singular value theory [23] is a popular approach to analyze the robustness of damping controllers and is used in this paper. Figure 6a shows the general framework for robustness analysis. This analysis is based on the linear fraction transformation (LFT), which is an effective and flexible approach to represent uncertainties in systems and matrices. In Figure 6a , M ∈ C (p1+p2)×(q1+q2) represents the system complex transfer matrix. ∆ ∈ mathbbC q1×q2 represents the system uncertainties. The relationship between r and v can be described as:
The notation F l indicates that the lower loop of M is closed with ∆. All the sources of uncertainty, such as parametric uncertainties or unmolded dynamics, are included in the uncertain matrix ∆. The transfer matrix ∆ can be formed as:
For the interconnected system represented in Figure 6a , the structured singular value µ is defined as the smallest structured uncertainty ∆ [24] , measured in terms of its maximum singular value σ, which makes det(I − M∆) = 0:
If there is no such structure, then µ(M) = 0. The µ −1 is used to assess the robust stability level. In this paper, the µ-analysis is utilized to investigate the system robustness with uncertainties in wind speed and the ranging of operation points. The changing of system operating conditions can be equivalent with a structured perturbation model of the linearized power system. For a power system with m uncertain parameters (δ 1 , . . . , δ m ), the linear state space model can be obtained as follows [24] :
In Equation (23), A 0 , B 0 , C 0 , and D 0 represent the linear state space matrices of the power system without uncertainty. Matrices A i , B i , C i , and D i represent the system uncertainties and the perturbations δ i are normalized. For robustness analysis, the linear state space uncertainties in Equation (23) should be transformed to the LFT form as [25] :
With this transformation, the uncertainties caused by operation conditions are represented by parameter uncertainties. Additionally, the uncertainties of wind power generation is considered as well.
To investigate the robustness of reactive power feedback control and voltage feedback control for damping control, the introduced structured singular value theory is employed. The proposed comparison framework for the robustness of the two different feedback controls is shown in Figure 6b . In the robustness analysis, both the changes of operating point and wind speed are considered.
As shown in Figure 6b , the robustness analysis consists of two components: linear state space matrixes uncertainty ∆ (include system operating uncertainty and wind sped uncertainty) and fixed phase damping controller. The analysis includes both the open loop and closed loop of damping control.
The µ-analysis results of two open loop systems-(1) with reactive power feedback control and (2) with voltage feedback control-are shown in Figure 7a . The µ-analysis results for two closed loop system are shown in Figure 7b . As shown in Figure 7a ,b, the µ-analysis results show two distinctive peaks corresponding to the two system oscillation modes, one is the inter-area mode and the other one is the local mode. The system without damping control is not robustly stable due to the µ bounds at the inter-area mode is larger than 1. The µ bounds of the system with reactive power feedback control is higher than the one with voltage feedback control, which means that the voltage feedback control scheme shows a better robustness with respect to the operation point and wind speed uncertainty.
Time Domain Analysis
Time-domain simulations are performed to examine the damping performance between the reactive power feedback and voltage feedback control. A three-phase short circuit occurs at the midpoint of the interconnection transmission line at t = 1.0 s and is last for 0.1 s. The active power transporting between the two areas is chosen as input signal of the fixed phase damping controller in this simulation. Three cases-without damping controller, with an additional damping controller in reactive power feedback control, and with an additional damping controller in voltage feedback control-are simulated to enable the comparison. Figure 8 plots the system dynamics including the machines and DFIG with no damping control added to DFIG. In Figure 8a , the relative angle difference, rotor speed, and bus voltage are plotted. The active power, reactive power and rotor speed of the DFIG are plotted in Figure 8b . As shown in Figure 8b , when the disturbance occurs, the reactive and active power of DFIG keep constant after a temporary transient. The output of DFIG is decoupled from the grid. Therefore, it can not provide any support for the power system oscillation damping. In this case, the low-frequency inter-area oscillations last a long time with the amplitude decrease slow when in the case of no damping control adding to DFIG.
For the DFIG with reactive power feedback control, the modulated reactive power reference value for damping control is ±10%. For the DFIG with voltage feedback control, the modulated voltage reference value for damping control is ±0.023 p.u. The fixed phase damping controller is active at t = 3.0 s and disconnected at t = 7.2 s. Figure 9 shows the system dynamic responses when the reactive power feedback is used for DFIG reactive power modulation and the fixed phase damping controller is added to the reactive power feedback control loop. As shown in Figure 9b , the reactive power output of DFIG is various against the power system oscillations. The DFIG reactive power output is coupled with system inter-area oscillation with the additional damping controller loop. Compared with the results given in Figure 8 , the system inter-area oscillations are damped quicker. This result illustrates that the system damping can be significantly enhanced when the damping controller added to the DFIG reactive power control loop. Figure 10 depicts the dynamic responses of the system when the voltage feedback is used for DFIG reactive power modulation and the fixed phase damping controller adds the voltage feedback control loop. In this case, the DFIG will participate in the power system oscillation damping control by modulating its reactive power output, as shown in Figure 10b . However, in this case, the feedback control is not the reactive power but the terminal bus voltage. To compare the damping contribution under the same condition, the reactive power of DFIG is maintained at 50% until the damping control is active. The simulation results show that system oscillation can be dampened quickly as well. However, compared with the reactive feedback control loop, as the results given in Figure 9 , the voltage feedback control loop provides a relatively lower damping level. As the fixed phase damping controller begins to be active at the same time, the damping control integrated with the reactive power feedback control loop shows better damping results than the voltage feedback control loop under the same reactive power modulation level as shown in Figures 10b and 11b .
To compare the different damping results from two different reactive power control loops, Figure 11 depictes the transmission power between area I and area II. As shown in Figure 11 , the damping control via reactive feedback control loop can damp the system oscillation quickly because the amplitude of oscillation power reduced on a larger scale. This simulation results are consistent with the results in frequency domain analysis. The bode plot in Figure 4 also demonstrates that the damping control via reactive power feedback control loop can provide more damping.
It is also worth mentioning that, as the fault occurs, the bus voltage changes and the output reactive power of DFIG will respond to the change when the voltage feedback control is used. Contrarily, the reactive power feedback control cannot respond to the system fault because the output reactive power of DIFG is hardly influenced by the system fault. Thus, when the voltage feedback control is used, the reactive power of DFIG will change with the swing of voltage caused by the fault. The changed reactive power will provide damping to the system oscillation as shown in case 4 in Figure 11 . 
Conclusions
This paper conducts a comparative analysis on the performance of DFIG reactive power and voltage feedback control for inter-area oscillation damping control. The reactive power regulation and voltage regulation are all executed according to the control of DFIG output reactive power. In this study, the fixed-phase damping control, called bang-bang modulation, is employed to examine the performance of these two feedback control methods. The two-area four-machine system, along with a DFIG-based wind generation, is the platform to demonstrate the analysis results from the frequency domain and time domain. The evaluation of the control schemes' robustness by altering the operation conditions of systems and wind speed is also studied.
The analysis in frequency domain, using bode plot technicals, show that the reactive power feedback control scheme can provide better damping when the additional damping control was required. The time domain simulation results also show that the damping control via reactive power feedback control loop can damp the system oscillation faster. However, the µ-analysis results show that voltage feedback control conditions are more robust to the system operation point uncertainty than the reactive power feedback control.
The results obtained in this paper can provide a practical guide for controller design for DFIG reactive modulation against inter-area oscillations. 
